The gene encoding the major NAD(P)H-flavin oxidoreductase (flavin reductase) of the luminous bacterium Vbrfio fischeri ATCC 7744 was isolated by using synthetic oligonucleotide probes corresponding to the N-terminal amino acid sequence of the enzyme. Nucleotide sequence analysis suggested that the major flavin reductase of V. fischeri consisted of 218 amino acids and had a calculated molecular weight of 24,562. Cloned flavin reductase expressed in Escherichia coli was purified virtually to homogeneity, and its basic biochemical properties were examined. As in the major flavin reductase in crude extracts of V. fischeri, cloned flavin reductase showed broad substrate specificity and served well as a catalyst to supply reduced flavin mononucleotide (FMNH2) to the bioluminescence reaction. The major flavin reductase of V. fischeri not only showed significant similarity in amino acid sequence to oxygen-insensitive NAD(P)H nitroreductases of Salmonela typhimurium, Enterobacter cloacae, and E. coli but also was associated with a low level of nitroreductase activity. The major flavin reductase of V. fischeri and the nitroreductases of members of the family Enterobacteriaceae would thus appear closely related in evolution and form a novel protein family. (12, 16, 21, 34, 35, 43, 60) , including luminous bacteria such as Vibrio fischeri (12, 20, 23, 26, 32, 43, 53) , Vibrio harveyi (8, 15, 18, 26, 27, 32, 39, 40, 43) , Photobacterium phosphoreum (32, 43), Photobacterium leiognathi (43), and Photorhabdus luminescens (47). Their molecular weights, substrate specificities, and reaction mechanisms vary considerably from enzyme to enzyme (12, 22, 27, 40, 53, 56) Bunkyo-ku, Tokyo 113, Japan. Phone: 81-3-3812-2111, ext. 4404. Fax: 81-3-5684-2394. BaiH is similar in amino acid sequence to NADH oxidase from Thermoanaerobium brockii and includes a putative FAD-binding domain having considerable sequence homology with those of the disulfide reductases (55).
NAD(P)H-flavin oxidoreductase (EC 1.6.8) (hereafter called flavin reductase) catalyzes the reduction of flavins, including riboflavin, flavin mononucleotide (FMN), and/or flavin adenine dinucleotide (FAD), at the expense of reduced pyridine nucleotides [NAD(P)H]. In luminous bacteria, this enzyme plays an important role in supplying reduced FMN (FMNH2) to the luminescence reaction (22, 36) . The luminescence reaction involves a heterodimeric enzyme luciferase which catalyzes the oxidation of FMNH2 and long-chain aliphatic aldehyde (R-CHO) by molecular oxygen with the emission of blue-green light according to the following coupled reaction: FMN + NAD(P)H + H+ FMNH2 + NAD(P)+ FMNH2 + R-CHO + 02 FMN + R-COOH + H20 + light Many flavin reductases have been enzymatically identified in various organisms ranging from bacteria to humans (12, 16, 21, 34, 35, 43, 60) , including luminous bacteria such as Vibrio fischeri (12, 20, 23, 26, 32, 43, 53) , Vibrio harveyi (8, 15, 18, 26, 27, 32, 39, 40, 43) , Photobacterium phosphoreum (32, 43) , Photobacterium leiognathi (43) , and Photorhabdus luminescens (47) . Their molecular weights, substrate specificities, and reaction mechanisms vary considerably from enzyme to enzyme (12, 22, 27, 40, 53, 56) , thus suggesting that flavin reductases are not necessarily related in sequence or evolution, although no amino acid sequences of flavin reductases have been reported except for those of Escherichia coli flavin reductase (Fre [50] ) and a cholate-inducible flavin reductase from Eubacterium sp. (BaiH [17] ). Fre is a component of a complex multiprotein system showing ribonucleotide reductase activity in E. coli and is similar in sequence to flavin-NAD(P)Hbinding domains of many flavin-associated proteins (1, 61 [2] ). FRase I of V fischeri expressed in E. coli showed the highest activity when NADH and FMN, respectively, were used as an electron donor and acceptor. The cloned FRase I stimulated the bioluminescence reaction in vitro but was also associated with a low level of nitroreductase activity.
MATERUILS AND METHODS
Enzymes and chemicals. Partially purified NAD(P)H-flavin oxidoreductase and luciferase from V. fischeri (formerly Photobacterium fischeri) were purchased from Boehringer Mannheim (Indianapolis, Ind.). Restriction enzymes and DNAmodifying enzymes were obtained from Nippon Gene (Toyama, Japan) and Takara Shuzo (Kyoto, Japan). [-y-32P]ATP (3, 000 Ci/mmol), [oL-32P]dCTP (3, Purification of cloned FRase I. V fischeri FRase I expressed from the cloned gene in E. coli was purified as follows. Extracts of D1210 with pFR7 (about 10 ml) were dialyzed at 4°C against 10 mM potassium phosphate (pH 7.0) containing 0.5 mM DPT, loaded onto a Mono Q (Pharmacia LKB) anion-exchange column (0.5 by 5 cm), washed with 60 ml of starting buffer (flow rate, 0.5 ml/min), and eluted with a 50 to 500 mM linear gradient of potassium phosphate (pH 7.0) containing 0.5 mM DPT. An aliquot of each fraction (1.5 ml) was then subjected to flavin reductase assay with FMN and NAD(P)H as substrates (see below). Usually one major peak was observed (Fig. 3A) . Pooled peak fractions were concentrated by Centricon 10 (Amicon, Danvers, Mass.) and applied to a Superose 12 (Pharmacia LKB) gel filtration column (1 by 30 cm) preequilibrated in 100 mM potassium phosphate (pH 7.0) with 0.5 mM DPT. The sample was eluted in the same buffer at a flow rate of 0.2 ml/min (fraction volume, 0.3 ml). Peak fractions for FMN reductase activity were pooled and stored at 4°C for further analysis. SDS-PAGE analysis showed the purity of the FRase I thus prepared to be >95% ( Fig. 3B [inset] ).
Protein analysis. SDS-PAGE analysis was carried out essentially as described by Laemmli (31) (ii) Nitroreductase. Oxygen-insensitive nitroreductase activity was determined by measuring the decrease in absorption of nitrofurazone at 375 nm (e-= 1.5 x 104 _ M-1 -cm-') as described by Watanabe et al. (57) . The reaction mixture (3 ml) contained an NADPH-generating system consisting of a final concentration of 6.7 mM glucose-6-phosphate, 1.33 U of glucose-6-phosphate dehydrogenase per ml, 40 p.M NADP+, 50 mM Tris-HCl (pH 7.5), and 1 mM DTT. Prior to the addition of a 750-,.l aliquot of 0.2 mM nitrofurazone dissolved in water, the reaction mixture was preincubated with cell extract or enzyme fraction at 37°C for 5 min. The oxidation rate of nitrofurazone was calculated with the initial rate.
(iii) Bioluminescence reaction. The bioluminescence reaction coupled with flavin reductase was carried out according to the method of Tu and Hastings (54) . The mixture, containing 0.25% (wt/vol) bovine serum albumin (fraction V), 0.05 mM FMN, 0.001% (vol/vol) decanal, 0.005% (wt/vol) Triton X-100, 55 mM potassium phosphate (pH 7.0), 10 pg of bacterial luciferase per ml, and a suitable amount of cell extract, was preincubated at 25°C for 5 min. One hundred microliters of 0.5 mM NADH was then added to 100 ptl of the mixture to start the reaction. Luminescence was measured at 25°C for 2 min with a Laboscience (Tokyo, Japan) lumiphotometer, model TD 4000.
Nucleotide sequence accession number. The DDBJ, EMBL, and GenBank accession number for the nucleotide sequence of the FRase I gene of V. fischeri is D17743.
RESULTS AND DISCUSSION Identification of putative flavin reductase protein in a commercial preparation. A preparation rich in V fischeri flavin reductase was obtained commercially and used as a starting material for identifying the gene encoding the enzyme. SDS-PAGE indicated that the commercial preparation of V fischeri flavin reductase contained three major proteins with sizes of 26, 36, and 66 kDa, along with several minor components (data not shown). To address the question of whether one of the three major proteins is associated with flavin reductase activity, each protein was removed from the polyacrylamide gel, the N-terminal amino acid sequence was determined, and a sequence homology search was made with the Swiss-Prot data base (release 12). The 66-kDa protein was found to be bovine serum albumin exogenously added to the preparation for stabilization of flavin reductase activity. The 36-kDa protein was highly similar in sequence to S. typhimurium (7) and E. coli (7, 30, 33) O-acetylserine (thiol)-lyase A, which catalyzes the reaction in which L-cysteine is synthesized from O-acetyl-Lserine and sulfide (7, 33) . Sequence homology between the 36-kDa protein of V fischeri and O-acetylserine (thiol)-lyase A from S. typhimurium or E. coli was 71 to 74% (22 to 23 of 31 residues) (Fig. 1B) , suggesting that the 36-kDa protein is the O-acetylserine (thiol)-lyase A of V fischeri. No protein with a significant sequence homology to 26-kDa protein could be found, although, as described below, a more recent release from the Swiss-Prot data base (release 24) showed the 26-kDa protein to have appreciable amino acid sequence homology Fig. 2A]) was used for subsequent study. The complete nucleotide sequence of the open reading frame encoding the 26-kDa protein, along with its 5' and 3' flanking sequences, is shown in Fig. 2B .
The first methionine codon, ATG, was found at nucleotides 1 to 3, and in-frame termination codons were found at -66 to -64 and 655 to 657 (Fig. 2B) 
ATGACGCATCCAATTATTCATGATCTTGAAAATCGTTATACATCAAAAAAATAT 54 putative promoter region, consisting of a -35 sequence (-1T GACA-) starting at nucleotide -67 and a -10 sequence (-AAGAAT-) starting at -44, was identified on the basis of homology with the consensus promoter sequence of E. coli (44) . The upstream regulatory region also included an inverted repeat at nucleotides -49 to -34. Palindromic sequences of this type may possibly interact with modulators for gene expression (25) . The DNA sequence following the coding region contained a stem-loop structure, possibly a terminal signal for transcription (44) .
By using a 0.9-kb HincII-StuI fragment ( Fig. 2A) Fig. 4] ).
Significant increment in flavin reductase activity in E. coli (12) .
To determine whether our 26-kDa flavin reductase of V fischeri corresponds to FRase I, the 26-kDa enzyme expressed in E. coli was purified by a combination of anion-exchange chromatography (Mono Q) and gel filtration (Superose 12) and its elution profiles were compared with those of the major flavin reductase (FRase I) in crude V fischeri extracts or a 1:1 mixture of the purified 26-kDa enzyme and partially purified V. fischeri FRase I. The purity of the cloned flavin reductase thus purified was >95% (see SDS-PAGE patterns in the inset of the total flavin reductase activity in crude extract (Fig. 3D) . As shown in Fig. 3B (9) , cytochrome b2 from Saccharomyces cerevisiae (19) , and Desulfovibrio vulgaris flavodoxin (13) all failed to show significant homology to V fischeri FRase I. However, as shown in Fig. 4 , appreciable sequence homology with oxygen-insensitive NAD(P)H nitroreductases from members of the family Enterobacteriaceae (S. typhimurium [58] , E. cloacae [6] , and E. coli [2] ) was noted. Marginal sequence homology with T. thermophilus NADH oxidase (41) was also detected. Oxygen-insensitive NAD(P)H nitroreductases are flavoproteins which catalyze the reduction of various nitroaromatic compounds to metabolites that are highly toxic, mutagenic, and/or carcinogenic (5, 11, 51, 57 Fig. 4] ). T thermophilus NADH oxidase is a monomeric FAD-containing flavoenzyme which catalyzes the oxidation of NADH by the reduction of oxygen (42) . The identity and similarity of the amino acid sequences of V fischeri FRase I and S. typhimurium or E. cloacae nitroreductases were 32 to 34 and 56%, respectively. The identity and similarity of S. typhimurium and E. cloacae nitroreductases were 88 and 93%, respectively. T. thermophilus NADH oxidase possesses the least homology. Except for several long deletions and/or insertions, homology between T. thermophilus NADH oxidase and V. fischeri FRase I was estimated to be 22%. There are two regions (regions I and II in Fig. 4) highly conserved in the amino acid sequence. Bryant et al. (6) suggest that the region (residues 153 to 158) including the Gly-X-Gly-X-X-Gly motif is involved in the binding of NAD(P)H in E. cloacae nitroreductase. However, our amino acid sequence alignment showed this motif not to be conserved in other members of the family, and thus it may be fortuitous. In conclusion, we succeeded in cloning the gene which codes for the major flavin reductase in V. fischeri. Nucleotide sequence analysis showed that the major flavin reductase in V fischeri forms a novel protein family including oxygen-insensitive NAD(P)H nitroreductases from members of the family Enterobacteriaceae.
